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Abstract 
We describe the results of depressurizing an onshore 50 km long, 24 inches buried pipeline from initially supercritical 
conditions. The event has been simulated using OLGA, a multi-phase pipeline simulation tool, recently adapted to 
handle single components like CO2. The simulated results deviate from the measurements during the two-phase 
release period. The obtained results suggest that small amounts of impurities matter, even at concentration as low as  
1 Mole %. In addition, the simulated onset of boiling and the mass transfer rate between the liquid and gaseous phase 
is not supported by the experiments. 
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1. Introduction 
In the USA there is over 30 years of experience within onshore pipeline transport of CO2. However, to 
our knowledge the existence of publically available data on large scale CO2 pipeline depressurization 
events is non-existent. Most of the reported literature on CO2 depressurization experiments describes 
results from blow down of small laboratory set ups of vessels [1] and flow loops [2,3]. Thus, it is of great 
interest for the CCS community to gather experimental information from existing large scale CO2 
facilities to gain experience and to be able to validate pipeline simulation tools. This type of information is 
important, both from a pipeline integrity point of view and for the design and construction of valid safety 
zones around the vent. From a pipeline integrity point of view, it is well known that depressurization of 
CO2 can lead to very low temperatures within the pipeline. Performing the depressurization too fast, the 
CO2 might even reach the triple point (5.2 bara, -56.6 qC) resulting in the formation of dry ice and 
subsequent blockage of the stream and making the steel walls become brittle. From a safety perspective 
there are concerns regarding the dispersion to the atmosphere and the noise generation during CO2 
venting. Depressurization of CO2 is usually performed through vertical vent stacks leading to the 
formation of a dispersion cloud. By allowing for a high mass flux out of the vent, the CO2 jet rises quickly 
to the air, however, as CO2 is heavier than air the dispersion cloud will have a tendency to bend towards 
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the ground, with the risk of too high concentration levels from an asphyxiation point of view. In addition, 
venting of CO2 leads to very high noise levels with the potential of severe hearing damage if not proper 
hearing protection is used. Both these issues, noise and dispersion, are strongly related to the conditions 
upstream the release opening and thus, the transient behavior of the CO2 inside the pipeline during 
depressurization. This means that in order to calculate valid safety zones around a CO2 vent stack, it is 
crucial to understand the transient behavior of CO2 during depressurization by having properly validated 
pipeline simulations tools   
The main purpose of this paper is to provide experimental data from a large CO2 pipeline 
depressurization event, as well as pointing to possible shortcomings of existing simulations tools. We 
describe depressurization of an onshore 50 km long 24” buried pipeline from initially supercritical 
conditions. The pipeline contained approximately 9300 tonnes of CO2 with a purity > 99% and was blown 
down from 81 bara and 31qC down to atmospheric conditions. The pipeline was depressurized from its 
two end locations via short vertical 8” vent stacks, each being approximately 2.5 meters high. Pipeline 
pressure and temperature upstream the two release points were monitored during the event. The 
depressurization event was modeled using OLGA, version 5.3.2, which is a multiphase thermo-hydraulic 
simulation tool from SPT Group [4]. The newly developed CO2 single component module of OLGA was 
used, which utilizes the Span-Wagner Equation of State (EoS) for pure CO2 [5]. 
The rest of the paper is organized as follows; In section 2 the depressurization event is described. In 
section 3 we present our pipeline model. In section 4 we summarize the results, and finally, in section 5 
we conclude. 
2. The depressurization event 
The pipeline section that was emptied is part of a CO2 pipeline network used for the purpose of 
enhanced oil recovery. A natural CO2 source is utilized for this purpose with quite high purity, see Table 
1. The entire pipeline is buried to a depth of approximately 0.9 meters. The actual depressurization event 
was part of routine operation involving changing of two main line valves. The pipeline is equipped with 
two vertical 8” vent stacks located at each end section, each being approximately 2.5 meters high. At each 
end section, temperature and pressure is monitored by a SCADA system (Supervisory Control and Data 
Acquisition). However, as the SCADA based fluid temperature is measured within a separated loop with 
almost no flow, these temperature measurements do not reflect the actual temperature of the flowing CO2. 
Thus, it was decided to measure temperature at the bottom and the top of each vent stack by clamping 
thermocouples directly onto the pipeline wall using duct tape. The temperature measured at the bottom of 
the vent stack is taken as the upstream fluid temperature and the SCADA pressure readings are defined as 
the upstream pressure.  
 
Table 1. The composition of the vented CO2  
Component Value Unit 
CO2 99.14 Mole % 
N2 0.22 Mole % 
CH4 0.63 Mole % 
H2S 42 ppm volume 
H2O 31 ppm volume 
The depressurization event was initiated by closing the CO2 supply lines and then depacking the pipeline 
from 98 bara to 81 bara. The fluid temperature was at that time approximately 31qC. Then the 50 km long 
pipeline section was isolated by closing the two main line valves. Shortly after, the vent at the first end 
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location was opened fully and the CO2 vented to the atmosphere. Approximately 7 hours and 20 minutes 
later the vent at the second end location was opened. The entire pipeline reached ambient pressure 
conditions approximately 10 hours and 20 minutes after having released 9300 tonnes of CO2. Due to 
problems with the automatic logging equipment associated with the thermocouples, only manual readings 
of the temperature were possible at the first location. Since the first location was left physically by us 
prior to opening at the second location, this means that no temperature measurements at the first location 
are available after approximately 6 hours into the blow down event. It should also be noted that no 
measurements of flow within the actual pipeline section was possible during the event. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Image of CO2 plume 1.5 hours into the depressurization event. The visible part of the plume rises to a height of  
approximately 150 meters. 
3. The model  
As a pipeline simulation tool we have chosen OLGA, version 5.3.2. OLGA is a 1D multiphase thermo-
hydraulic simulation tool originally developed by IFE and later improved and further developed by SPT 
Group. Our choice of OLGA was based upon availability, as well as the long track record within the 
industry as the chosen tool for simulating transient multiphase pipeline transport. The OLGA version used 
in this study is based upon a modified compressible two-fluid model, i.e., separate continuity equations 
for the gas, liquid bulk and liquid droplets are applied [4]. These may be coupled through interfacial mass 
transfer. OLGA is known to utilize a semi-implicit integration scheme. This allows for implementing long 
time steps suitable for simulating rather slow mass transients and providing efficient run times for long 
transport lines. The newly developed CO2 single component module of OLGA is used in this study, 
which utilizes the Span-Wagner equation of state for pure CO2 [5]. Heat transfer is fully modeled by 
convective heat transfer from the fluid through the pipeline wall and to the surrounding soil. The soil 
temperature is set to 20qC based upon data from Google Earth. During most of the blow down period, the 
overall heat transfer coefficient, U, is estimated by OLGA to be within the range 3-5 W/m2 K. The actual 
pipeline profile is shown in Fig. 2. In the model it has been divided into almost 300 pipe sections, with 
increased resolution towards each vent stack. The pressure drop across the two 2.5 meters high vent 
stacks have been modeled by a choke valve of the same size as the inner diameter of the vent stack , ID = 
7 inches. The two vent openings are modeled by two 7 inches wide punctures located just downstream the 
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valves. The flow through the leaks is modeled by the two-phase critical flow model of Henry-Fauske [6]. 
In this model, mass transfer due to the isentropic expansion from the upstream pressure to the throat 
pressure is taken into account. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Pipeline profile 
4. Results 
The total depressurization time was monitored to approximately 10.30 hours, whereas the simulation 
showed a duration of 10.25 hours. According to both experimental data and simulations, the 
depressurization stayed well above the triple point of CO2, and there was no indication of dry ice 
formation upstream the two release points.  
The measured and simulated pressure development agrees reasonably well, as can be seen from Fig. 3. 
At the first end location there is a deviation of up to 5 bar, whereas the measured pressure drop at the 
second location agrees better. In Fig. 4 the measured and simulated temperature development is plotted. 
Similar type of behavior is observed here; the measured and simulated temperature development agrees 
quite well at the second location, where as there are quite large deviations at the first end location. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Measured and simulated pressure development versus depressurization time. At t = 0 hours, the vent stack valve at the first 
location is opened, whereas the valve at the second end location is opened after t = 7 h: 20 min. 
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Approximately 2.5 hours into the event the measured temperature starts to increase at the first end 
location. The minimum temperature measured upstream is 12.4 qC, whereas, the simulated temperature 
continues to decrease for another 3.3 hours reaching down to 0qC. At the second end location the overall 
agreement between measured and simulated temperature is good. At this location the automatic 
temperature logging worked fine, however, the logging started to work at bit too late to capture the initial 
development. Based upon both the temperature and pressure development, we can conclude that the 
simulation tool struggles to handle the two-phase behavior at the first release location. In the following 
we describe the behavior at the two release locations in more detail 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Measured and simulated temperature development versus depressurization time. At t = 0, the vent stack valve at the first 
location is opened, whereas the valve at the second end location is opened after 7 h: 20 min 
4.1. First release location – high release rates and two phase behavior  
Figure 5 shows the measured and simulated depressurization path upstream the first release location. 
As can be seen, the depressurization starts at 81 bars and 31qC and approaches the CO2 Vapor-Liquid-
Equilibrium line (VLE). The measured data points are deviating somewhat from the VLE, whereas the 
simulated depressurization path follows the VLE closely, as expected for pure CO2. The VLE is followed 
until all the liquid CO2 is boiled off and only gas exists upstream the vent. Just after boiling stops, the 
heat transfer from the ambience is sufficient to make the upstream temperature increase. However, the 
simulated turning point in temperature deviates from the measured turning point. As already mentioned, 
the lowest temperature measured upstream the vent is 12.4qC, whereas the simulated minimum 
temperature is 0qC. According to the simulation, liquid CO2 exists upstream the release for the first 5 
hours, whereas the measurements indicate 2.5 hours. In Fig 6 we have plotted the gas mass release rate 
and the liquid mass release rate upstream the vent opening, as calculated by OLGA. The initial release 
rate is as high as 1300 kg/s and as can be seen from the curves, the liquid CO2 exists upstream the orifice 
for the first 5 hours  
There are several possible explanations of the observed deviation between measurements and 
simulations. One explanation is due to the fact that our simulation tool is not able to simulate CO2 with 
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small amounts of impurities. In Fig. 5 we have included the narrow phase envelope of the actual 
composition from Table 1 using the Peng-Robinson EoS (PR) with Peneloux volume correction. As can 
be seen, the measured data points initially approach the boiling line of this envelope fairly well (upper 
gray line). At some point in time the event enters the two phase region and crosses this, as more and more 
CO2 is boiled off. Finally, the dew point line (lower gray line) is reached and the depressurization 
continues as a pure gas release. Note that the crossing of the dew point line coincides with the minimum 
point in temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Measured upstream pressure and temperature shown by black squares. The blue line shows the simulated depressurization 
path using OLGA, whereas the red line shows the CO2 VLE line. The gray line shows the phase envelope for the given CO2 
composition. 
It should be mentioned that the transient behavior of multi-component CO2 mixtures is studied in detail in 
several ongoing research projects, amongst other within “CO2 Dynamics” [7] 
Another possible explanation for the deviation might be the mass transfer rate during 
boiling/condensation. The simulation clearly indicates that the expansion upstream the release happens in 
a non-adiabatic manner due to heat transfer from the ambience. The simulated system entropy increases 
with time, and the upstream gas-liquid mass fraction is higher than for a pure isentropic process, see Fig. 
7, where the simulated gas-mass fraction from OLGA is shown together with the gas-mass fraction 
resulting from an isentropic expansion using the Span-Wagner EoS. The corresponding experimental 
values are obtained implicitly by extracting the gas-mass fraction from the PR-Peneloux EoS, using the 
measured upstream temperature and pressure values as input. Care should be taken when interpreting 
these results, as deduced thermo-physical properties from narrow phase envelopes are highly sensitive 
towards the measured pressure and temperature. In addition, the PR-Peneloux EoS has not been tuned 
particularly towards CO2 with small amounts of impurities. However, the trend seems to be quite clear; 
the measured values indicate a close to isentropic expansion initially, followed by a much faster transition 
towards a single phase gas release, when compared to the simulations. In other words, the measurements 
indicate that the onset of boiling happens at a later stage and that the subsequent process of evaporation 
takes place at a higher rate, than accounted for by the simulations. In the single component model of 
OLGA, the mass transfer rate is parameterized through two time constants, T, one governing the process 
of boiling and one governing the process of condensation. In the simulations, these two time constants 
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have been varied systematically between T = 0.5 seconds to T = 20 seconds. In none of the simulated 
cases, the observed two-phase behavior has been accounted for. The parameters providing the best fit to 
the experimental results has been used throughout this paper, and was obtained by choosing T = 2 
seconds for both condensation and boiling.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Simulated mass release rates upstream the orifice at the first release location. 
 
A third reason for the observed deviation between measurement and simulation might be explained by an 
incorrect prediction of the actual flow regime by OLGA. According to the simulations, slug flow is 
indicated for a substantial period of time at the first release location. This behavior is not supported by the 
experiments, as no slugging behavior of the released CO2 was observed during the two-phase release 
period.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Gas-liquid mass ratio upstream the orifice at the first release location 
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Finally, we mention that correct modeling of the heat transfer from the surroundings is crucial in 
predicting correct fluid temperature. In our study, we have varied the heat transfer from the surroundings 
systematically from typical soil conditions with an overall heat transfer coefficient of  
U = 3 W/m2K up to U = 50 W/m2K, which is more common for offshore pipelines submerged in water. 
The best overall performance was obtained by letting OLGA calculate the overall heat transfer assuming 
the actual burial depth of 0.9 meters, which resulted in U values between 3-5 W/m2K. It should also be 
noted that in the experimental set up, the temperature of the outer wall is measured. However, as the vent 
stack wall is made of highly conductive steel and a thin layer of paint, the difference in the outer wall 
temperature and the actual fluid temperature is estimated to be less than 0.3qC. 
4.2. Second release location – some more details 
At the second location, the overall agreement between measured and simulated data is better as can be 
seen from Fig. 3 and Fig 4. The release is a single phase gas release, except at the initial stage, where a 
two-phase release is indicated by the simulation. The two-phase release period only lasts for the first 
minute after opening the valve. According to the simulations, the initial liquid release rate is as high as 
700 kg/s, see Fig. 8. After one minute the release continues as a pure gas release, starting out at 100 kg/s 
and dropping, as time goes by. Qualitatively. the simulated behavior agrees well with the observed 
behavior. During the first minute, liquid like surges are coming out of the vent resulting in a much more 
densely appearing dispersion cloud. In Fig. 9 two snap shots from the video recording is shown. The first 
snapshot is taken 40 seconds after the valve was opened, whereas the second snap shot is taken 
approximately 7 minutes after opening. Qualitatively, there is a big difference between the appearance of 
the two dispersion clouds, with the first image showing a much more dense cloud, supporting the results 
from the simulations of liquid CO2 existing upstream the orifice. In the second image the dispersion cloud 
appears less dense and significantly smaller, supporting the simulated evidence of a single phase gaseous 
release at a much lower rate. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Simulated mass release rates upstream the orifice at the second release location. The CO2 is vented via the gas phase except 
for the initial stage.  
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Fig. 9. The image to the left shows the dispersion cloud 40 seconds after opening the valve at the second location. The size of the 
dispersion cloud and its dense appearance is consistent with liquid existing upstream the orifice. The image to the right is taken 
approximately 7 minutes after opening, when only gas is expelled from the vent.  
5. Conclusions 
We have described the results of depressurizing an onshore 50 km long, 24 inches buried pipeline from 
initially supercritical conditions. The event was simulated using OLGA, a multi-phase pipeline simulation 
tool, recently adapted to handle single components like CO2, The pipeline was depressurized from each 
end by short vertical vent stacks. At the first end location two-phase behavior was observed upstream the 
release for the first 2,5 hours, whereas the simulations indicated two-phase behavior during the first 5 
hours. The minimum simulated temperature upstream the release was 12,4 degrees lower than the 
measured minimum temperature. The inability of existing pipeline simulation tools to handle CO2 with 
small amounts of impurities might explain the observed deviation between measured and simulated 
depressurization paths. Even small amounts of impurities (< 1 Mole %) will affect the depressurization 
path. In addition, we have pointed to the mass transfer rate between liquid and vapor phase during 
boiling/condensation, as a phenomenon that needs further attention, both from an experimental and 
modeling point of view. The same conclusion holds for the different flow regimes taking place during a 
two-phase CO2 release. The simulated slugging behavior at the first release location is not supported by 
the experiments.  
From a pipeline integrity point of view, having control of the depressurization rate is of major 
importance, as a too rapid depressurization can lead to very low temperatures within the pipeline making 
the steel walls become brittle. From a safety perspective there are concerns regarding the dispersion to the 
atmosphere and the noise generation during CO2 venting. Both noise generation and dispersion behavior 
are strongly related to the conditions upstream the release opening and thus, the transient behavior of the 
CO2 inside the pipeline during depressurization. This means that in order to calculate valid safety zones 
around a CO2 vent stack, it is crucial to be able to predict the transient behavior of CO2 during 
depressurization by having properly validated pipeline simulations tools. 
In the future more experimental data from large scale CO2 pipeline depressurization events, as well as 
high quality data from laboratory set ups, will be required for a proper validation of CO2 pipeline 
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simulation tools. The measurements should include temperature and pressure readings along the entire 
pipeline, as well as measurements of flow rates, flow regimes and phase fractions upstream the release. In 
addition, CO2 pipeline simulations tools should be extended to include a general CO2 EoS capable of 
handling CO2 with impurities.  
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